An excimer laser micromachining system is developed to study the process in fabricating high-aspect-ratio microstructures. Specifically, the study experimentally examines process efficiency and the impact of changing major laser operating parameters on the resulting microstructural shapes and morphology. The materials considered in the study include glass, silicon, and aluminum. The ablation or micromachining rate has been observed to be strongly dependent on the operating parameters, such as the pulse fluence, number, and repetition rate. The results specifically indicate that ablation at low fluence and high repetition rate tends to form a V-shaped cavity, while a U-shaped cavity can be obtained at high fluence and low repetition rate. Additionally, the present study also indicates that a three-dimensional V-shaped cavity with large vertex angle can be formed by varying the focus depth of excimer laser. Materials of low thermal conductivity and low melting temperature are indeed more applicable to laser ablation.
Introduction
Excimer lasers are pulsed gas lasers that use a mixture of gases to provide emission at a series of discrete wavelengths in the UV region of the spectrum. The word "excimer" is a contraction of the term "excited dimmer". This describes a diatomic molecule that is bound in its electronically excited upper state, but is repulsive or only weakly bound when in the lower ground state. Excimer lasers are i ncreasingly being used for machining micro-structures and devices 1, 2 . Excimer lasers in micromachining use ablation to remove material from the substrates. They are capable to make microstructures having features size on the order of 1 to 100 µm and applicable for all kinds of materials, including polymers, metals, and ceramics 3, 4 .
Ablation can be either a "photothermal" or "photochemical" process. The photochemical or electronic process is often referred to as a non-thermal process because the removal of material is caused by direct bond breaking as energy is absorbed, while, in the photothermal process, the absorption laser energy is converted to lattice vibrational energy (thermal) to melt and vaporize the material. To directly break atomic bonding, the intensity of laser beams should be higher than a threshold value that is dependant on the material to be ablated and the wavelength of the laser. At intensities below the ablation threshold, the absorbed energy heats the substrate and can raise the substrate temperature higher than its boiling or sublimation point; the material begins to liberate. Both photothermal and photochemical processes liberate molecular size material from the surface. Either one or both can be present to a varying degree in micromachining by using high-intensity excimer lasers 5 .
Normally, the threshold values of polymers are relatively low, the photochemical process is dominated in the excimer-laser ablation of polymers while, for high threshold ceramics, the micromachining can be largely photothermal 6, 7 . The typical feature size created by the photothermal process is larger than that of photochemical and often, the temperature profile resulted in this thermal process can produce extensive damage in the heat-affected zone surrounding the vaporized region. Also, by minimizing the heat-affected zone or the undesired thermal effects, a fine feature size in microscale levels can be created. As a result, the photochemical is preferred in micromachining. Also, because ablation depths per pulse are often greater than the optical absorption depth and the pulse length is very short compared to thermal diffusion time scales, the amount of residual energy left in the substrate is typically relatively small.
Because of the significant improvement of beam quality over the past decade, the excimer lasers can possess relatively high pulse energies, short pulse lengths, and high average and peak power as compared with other laser sources. These attributes make them the most efficient and popular ablation tool as well as a powerhouse for micromachining applications. Among the most widely known applications is the production of inkjet-printer nozzles, which is a commercially important example of the creation of microscale fluidic devices. In addition to many other industrial applications, recently, laser micromachining has also been successfully applied to many medical or clinic processes, like retinal photocoagulation, angioplasty, corneal sculpting, and cartilage or nerves treatment 3, 4 . For further enhancing the applications of excimer lasers, it requires a better understanding of the nature of their micromachining process. In the present study, an Argon-Fluorine (ArF) excimer laser is selected. A laser projection system is developed to machine high-aspect-ratio microstructures. The study experimentally examines process efficiency. Specifically, the impacts of changing major operating parameters, including the pulse fluence, pulse repetition rate, pulse number, and cooling mode on the resulted microstructural shapes are studied. Three materials: glass, silicon, and aluminum, are considered.
The effects of different materials on micromachining characteristics are also evaluated.
Experiment Set-up The laser micromachining workstation developed consists of an ArF excimer laser source, optical set, moving stage, mask holder, optical table, and outer protective shielding as shown in Figure 1 . The ArF laser has the shortest wavelength at 193 nm that in the excimer laser family Figure 1 . ArF excimer laser micromachining system: (1) laser source (2) 45° mirror (3) homogenizer (4) condenser lens (5) mask (6) focus lens (7) moving stage (8) air conditioner (9) laser gas (10) optical table commonly used by industry. The laser source is Model LPX210 by Lambda Physik (Germany). During operation, the workstation is kept in a temperature controlled environment (±2 °C typically) to reduce errors due to thermal expansion of the mechanical systems. A shielding that can completely absorb the 193 nm UV laser light is built to protect the safety of the operators.
The workstation presently developed can perform both projection printing and direct writing. Only the projection printing is used for the present micromachining study. The essence of a projection printing system is the ability to illuminate the mask with a uniform fluence, which entirely relies upon the uniformity of the laser beam itself. In the present projection system, the beam is conditioned to achieve a uniform energy distribution at the object plane, using 7×7 fixed-array homogenizer. The homogenizer produces 12 x 23 mm uniform illumination at the mask plane having an intensity variation of less than ±5% RMS. Projection lenses of various magnifications are used to transfer the pattern of the mask on to the sample, which is mounted on precision air-bearing XY stages. The 7×7 fixed-array homogenizer is made by MicroLas (Germany), providing 40 % transmission rate for the laser light, transforms Gaussian laser beam energy distribution to uniform distribution. Projection and focus lens are made of the UV grade fused silica by CVI (USA) having better than 2.0 µm resolution with 14.0 mm focus depth and 90.0 % transmission rate at 193 nm wavelength.
In the present projection printing set-up, a mask having slot-shape opening is used to quantify the micromachining characteristics. The mask is made of 200-µm thick 304 stainless steels and chemically etched to obtain the slot width equal to 200 µm. The projection lens used in the present study has a 10x demagnification and a field size of 1.2 x 2.3 mm can be obtained based on the maximum spot size, 12 x 23 mm, of the beam homogenizer. Consequently, the slot pattern printed into the sample is expected to be 20 µm wide. In ablation, the maximum fluences or energy densities at the sample with the 10x lenses are kept to lower than 2.5 J/cm 2 ; the corresponding maximum fluence provided by the laser or at the mask is below 0.03 J/cm 2 and the stainless steel mask presently used or the conventional chrome-on-quartz mask, can be used without damage.
In the present experiments, the ranges of operating parameters including the repetition rate, pulse number, fluence (energy density), depth of focus, and cooling mode, are listed in Table 1 . The duration of each pulse is fixed at 20 ns. The specific values of the operating parameters can all be preset by a PC-base controller. In order to guarantee laser machining quality, focus distance must be readjus ted according to each sample thickness for perpendicular contact between laser beam and sample surface. During ablation, the positioning stage can move in both X and Y directions and rotate in θ-axis. The Z-axis movement is for finer focus adjustment. The XY plane is always kept in perpendicular to the laser beam in operation. The workstation enclosure and frame are all mounted on a vibration isolation optical table to reduce vibrational coupling between the mask and the sample on the stage set.
Results and Discussions
Materials considered in the present experiment are borosilicate glass, single-crystal silicon, and 2024 aluminum alloy. These three materials are extremely important in semiconductor industry which is the major industry for supporting the development for micromachining. Silicon is the most popular semiconductor used today while the aluminum is the major material used for metal-lines in semiconductor chips as well as many microdevices 8, 9 . More importantly, the third material, glass, is becoming a material of choice in photonics and communications industries as Table 1 . Operating parameters of laser ablation well as the emerging microbio-instrumentation industry. Micromachining is essential in creating intricate and useful microstructures in a variety of configurations. The current problem is that no adequate knowledge on glass-micromachining is available to meet the expected demand for miniaturization 10 . Consequently, the focus of the present study is the micromachining of glasses.
The typical sample size used in the present study is 25 mm in square and 0.2 mm thick. After machining an oxide layer or debris is accumulated on the machined surfaces and must be discarded, so as not to affect sample analysis and measurements. A solution of 10 % HF and 90 % distilled water can be effectively used to clean the debris. After cleaning, the machined profile are measured and examined. The duration of each pulse in all experiments are controlled at 20 ns.
Effects of Material Properties
The ablation characteristics are primarily dictated by the laser/material interactions as well as the laser parameters, especially the fluence, repetition rate, pulse number, and duration time. Figure 2 presents the surface morphologies of the three materials considered after ablation at 2.4 J/cm 2 fluence and 10 Hz repetition rate while two pulse numbers: 150 and 250 are used. The duration of each pulse is at 20 ns. As shown, the ablation depth of aluminum or silicon is less than that of glass or silicon. Also the surface of the machined or ablated trench of either aluminum or silicon is also more irregular as compared with that of glass.
As mentioned earlier, the threshold values of both metals and ceramics are relatively high, the ablation of these materials is primarily a thermal or photothermal process. As a result, their associated thermal properties are important in the interpretation of ablation results. Based on the material properties shown in Table 2 , the melting temperature of aluminum is relatively low (~ 650 ºC) as compared to the silicon and its thermal conductivity i s high (230 W/m-K) as compared to both glass and silicon. Thus, the heat converted by laser energy is difficult to be accumulated fast enough to melt the aluminum. Consequently the ablation depth of aluminum is worse than that of glass and the thermally affected surface of the machined or ablated grooves is more irregular. For silicon, although its thermal conductivity (~150 W/m-K) is lower than that of aluminum, it has a higher melting temperature ( 1400 ºC); the combination of these two properties also make silicon's ablation rate or depth is similar to that of aluminum. On the other 13 hand, not only the thermal conductivity of glass (~1.0 W/m-K) is significantly lower than silicon and aluminum, but also its melting or glass transition temperature (~700 ºC) is much lower than the melting temperature of silicon and about the same as the aluminum. As a result, among the three materials considered, the glass exists the best ablation efficiency and should be a good candidate for laser ablation.
Ablation Rate
The effects of the pulse repetition rate, pulse number and fluence on the ablation rate or depth of glass is studied in this section. Three repetition rates of 2, 5, and 10 Hz are considered. The relationship between the ablation depth and pulse number for the three repetition rates are plotted in Figs 3, 4 , and 5 for the fluence equal to 1.4, 2.1, and 2.4 J/cm 2 , respectively. As shown, for all the four fluences considered, the ablation depth increases quite linearly as the pulse number raises. It is also found out that when the fluence is greater than 2.1 J/cm 2 , a lower pulse repetition rate yields higher ablation depth. As shown in Figure 3 and 4, the ablation depth is the highest at 2 Hz, and the lowest at 10 Hz. On the contrary, as shown in Figure 5 and 6 for the fluence is lower than 1.4 J/cm 2 , the ablation depth is the highest at 10 Hz, and the lowest at 2 Hz. It would be expected that the ablation rate should increase proportionally with the pulse repetition rate.
As mentioned earlier, the laser ablation on glass is dominated by the photothermal reaction. At a low fluence, because the absorbed laser energy cannot reach the ablation threshold or heat the glass to the vapor state, it is necessary to have a higher repetition rate in order to accumulate enough energy to ablate the glass. If the repetition rate is low, the absorbed energy may have more time to transfer out to the adjacent region, thermal accumulation becomes slower; ablation may be still possible but need more applied pulses. If the repetition rate is high, thermal accumulation can be faster and the material removal needs less pulses.
In general, as shown, the ablation efficiency or depth linearly increases with the fluence, regardless of the pulse repetition rate used. When ablation depth or the fluence reaches to a certain limit, the effects of plasma shielding or small hole absorption may become noticeable and the ablation rate may slow down and thus, the ablation depth may not linearly increase as the fluence increases. In the other words, the higher the influence, the increase of the ablation rate is lower. However, this still can not well explain the fact that the present results at the lower fluence cases are different from those at higher fluences. A further investigation of the fact should be encouraged.
Ablated Groove Shapes
In glass ablation, different pulse fluence can produce different groove cross-sections. It has been found that for the first few pulses, the fluence do not affect much on the ablated shape. As the number of pulses increases, the cross-sectional shape by the high fluence is U-shaped and the one by the low fluence becomes V-shaped as shown in Figs 6 and 7. At a lower fluence level (0.6 and 1.4 J/cm 2 ), the photothermal ablation is more dominant and the thermal energy always gradually transfers to the neighborhood during between pulses. As a result, the central region has a higher temperature than that of the adjacent regions. This makes the central region accumulating enough energy sooner and be ablated sooner which, is more favorable to produce a V shape profile, i.e., the central region is always ablated first. At higher fluences (2.1 and 2.4 J/cm 2 ), the photochemical effects become noticeable and the energy is more uniformly distributed into the target area, so that this situation is more favorable to ablate a U-shape profile. It is also to be noted that Fig. 7 shows the ablated shapes at two different repetition rates; the figure depicts that the repetition rate has no major influence on the ablated shapes. As laser beam strikes the material, the electron plasma can produce 10 ~ 100 eV energy. If the target material is cooled by pressurized air, the ablated groove surface becomes rougher and shows flaking morphology as shown in Figure 8a . The accumulation of debris on either side of the ablated groove cannot be easily removed by the 10 %-HF etching solution. Also the heataffected zone becomes more brittle because it has experienced rapid cooling by the high pressurized air. The resulted morphology under normal atmospheric cooling is shown in Fig. 8b . The resulted debris becomes loose and can be removed by HF solution. It is to be noted that if The laser ablation process, especially the pulse number and fluence effects on the ablation rate can be modeled analytically. It is assumed that the ablation process is dictated by the photothermal reaction which is very close to the present situation. A one-dimensional thermal conduction model developed for predicting laser heating and melting by Shen, et al. 11 is modified and used. Basically, the propagation of the solid-liquid interface can be expressed by 
where S(t) is the position of the interface between solid phase and liquid phase; A i , k i and λ i are the absorptivity, thermal conductivity and thermal diffusivity of the i th phase, respectively, i = s Using the material properties shown in Table 2 , the analytical modeling of the three cases earlier considered in Figs 3, 4, and 5 are performed. The analytical results are also plotted in the respective figures for comparison. As shown, the predicted ablation rates indeed increase as the number of the pulse ascends, which is consistent with the experimental observation. However, for all three cases compared, as the pulse number increases, the difference between the calculated and experimental values become larger. It is believed that this observed increasing discrepancy can be attributed to the fact that the one-dimensional model neglects the sidewall effects (the effects of the other two dimensions). But one can also note that the side effects can be reasonably neglected at low fluences or low pulse numbers, because the ablated groove is still relatively shallow and the one-dimensional assumption will not generate significant errors.
However, at increasing pulse number and high fluence, the one-dimensional heat transfer is no longer accurate. The measured and calculated ablation depths are in closer agreement for laser fluence less than 1.4 J/cm 2 . However, it is also suspected that when the pulse number and fluences are high, the ablation may not be fully photothermal and the photochemical reaction may play a role here. As a result, some effects other than the thermal related ones, recently studied by Ho, et al. 7 and Zhang, et al. 12 should be considered and included in the present model.
Concluding Remarks
A study of using an excimer laser to machine high-aspect-ratio microstructures is successfully presented and the process development issues that are often encountered in excimer projection ablation have also been addressed. The experimental study, using 193 nm wavelength excimer laser, examines the ablation rates by changing several major operating parameters, including the pulse fluence, pulse repetition rate, pulse number, and cooling modes. The effects of the pulse fluence, pulse number, and cooling mode on the ablation depth and surface quality are clearly identified and discussed. However, the relationship between the ablation depth and pulse repetition rate is inconclusive and needs to be further studied.
A simple analytical model is developed to provide analytical predictions to compare to the experimental results. A large inconsistency was found between the analytical and experimental results, when the pulse fluence, and number are relatively high. A true three-dimensional model including the photochemical effect is recommended to be developed to accurately model the laser ablation process.
Although, three different materials have been considered, the glass, the material of choice in photonics and communications industries, is the focus in the present study. It has been fo und that glass is an excellent material for laser ablation and the excimer laser micromachining system developed should be capable for making intricate glass-based microdevices to satisfy the needs from the photonics and communications industries. A furthe r development in ablating intricate glass components should be encouraged.
